A fuzzy expert system (FES) for the prediction of prostate cancer (PC) is prescribed in this article. Age, prostate-specific antigen (PSA), prostate volume (PV) and % Free PSA (%FPSA) are fed as inputs into the FES and prostate cancer risk (PCR) is obtained as the output. Using knowledge based rules in Mamdani type inference method the output is calculated. If PCR ≥ 50%, then the patient shall be advised to go for a biopsy test for confirmation. The efficacy of the designed FES is tested against a clinical data set. The true prediction for all the patients turns out to be 68.91% whereas only for positive biopsy cases it rises to 73.77%. This simple yet effective FES can be used as supportive tool for decision making in medical diagnosis.
II. FUZZY EXPERT SYSTEM (FES)
An expert system which uses fuzzy logic instead of Boolean logic is called fuzzy expert system (FES). A FES is a form of artificial intelligence which deals with membership functions and some prescribed rule base to evaluate a set of data. Fuzziness is introduced to the crisp inputs of a FES by means of suitable membership functions. Once membership functions are defined for all input variables, then they are fed to a particular inference method for further action. Here, we have used Mamdani (max-min) inference method which is most popular in literature. Rules of the FES developed here are of IF-THEN form. Mamdani type inference method results in fuzzy sets as output. For a given set of input values, some relevant rules will be fired to produce a fuzzy output in Mamdani type inference method. Fuzzy output is defuzzified using different techniques to obtain crisp output. Centroid method is used for defuzzification in our FES. General structure of a FES is shown in below figure 1. We have used medical data of the patients as given in reference [2] . Depending on the data set, the range of different inputs are determined. In the following two subsections, we discuss about different inputs and the output of the FES.
Defuzzification
A. Input variables
Age
Age of man is an important parameter to calculate the risk factor for prostate cancer. For a man having no family history of PC, the chance of getting it increases after the age of 50. This number changes from race to race. However, two out of three PCs are diagnosed in men at the age of 65 or above. The input variable "age" is represented by four fuzzy sets, namely, "very young", "young", "middle age" and "old". First and fourth fuzzy sets are represented by trapezoidal membership functions whereas for second and third we have used triangular membership functions. Table  I lists crisp sets and the corresponding fuzzy sets for the input "age". The membership functions for the same are plotted in figure 2. PSA has altered drastically the management of prostate cancer in men. The PSA test for blood can provide early stage detection of PC [10] . PSA is a protein secreted by the prostate gland which helps to keep the semen in liquid form. Some parts of this protein will pass into blood which give rise to the increase in normal PSA level. Elevation in PSA level in blood depends up on the health of prostate gland and the age of the person. A healthy prostate will release less PSA in blood compared to a cancerous gland. So, a rise in PSA level over normal range could be a possible indicator of PC. Although, elevated PSA level may be caused due to other factors like acute bacterial prostatitis, enlargement of prostate and other urinary retention. The measurement of PSA is expressed as nanograms per milliliter of blood. The normal range of PSA number can be age specific and also race specific. The input variable "PSA" is represented by five fuzzy sets, e.g., "very low", "low", "middle", "high" and "very high". For the first and fifth sets we have used trapezoidal membership functions while for the rest, triangular membership functions are used. In table II, we have shown the crisp sets and the corresponding fuzzy sets. The plot of the membership functions for the input "PSA" is displayed in figure 3 . PSA (ng/ml) Degree of Membership 
Prostate Volume (PV)
A healthy human male's prostate is marginally larger than a walnut. It is a crucial parameter for early detection of PC. There is a characteristic pattern in the growth of prostate with age. That pattern can change from race to race. With the increase in the prostate volume there is a possibility of sampling error in systematic sextant needle biopsy. It is wise to use prostate volume as a factor while determining the necessity to repeat biopsy with initial negative result [11] . Prostate is mainly divided in four zones in pathological terminology and total prostate volume as well as transition zone volume are measured in ultrasound. According to transrectal ultrasound (TRUS) guidance [12] , prostate width (W ) (maximal transverse diameter) is estimated on an axial image. Prostate length (L) (longitudinal diameter, the distance between proximal external sphincter and urinary bladder) and height (H) (maximal anteroposterior diameter) are measured on a mid-sagittal image [13] . The total prostate volume (TPV) is calculated using the prolate elliptical formula, TPV = π 6 × W × L × H. The transition zone volume can be calculated using the same formula by measuring the required dimensions from the ultrasound. The length, width and height changes with the age. The rate of change for the length is significant compared to other two dimensions as the man approaches the age 60. So, based on the above information we have divided the input "prostate volume" in four fuzzy sets such as "small", "middle", "big" and "very big". Trapezoidal and triangular membership functions are used to represent them. Crisp sets, fuzzy sets and the membership functions are listed in table III and figure 4 respectively for the input variable "prostate volume". (ml) Degree of Membership PSA is a protein which exists in different forms in serum. PSA circulates through body via bound to some other proteins or in unbound form. Free PSA test measure the ratio of the unbound PSA to bound PSA whereas normal PSA test measure the total PSA (both bound and unbound) level in blood [14, 15] . %FPSA is calculated as Free PSA TotalPSA × 100%. As we already discussed that PSA level may rise not only due to cancerous prostate but because of many other reasons. Therefore, for the early detection of the PC, which is potentially in its curable stage, requires a lower cutoff for PSA level, gives rise to avoidable biopsies. It is also observed that the men with PC are likely to have %FPSA lower than those of benign disease [14, 16] . So, along with an elevated PSA level, %FPSA cutoff will be a good indicator for the early stage detection. Based on this we have categorized the input variable "%FPSA" in three fuzzy sets, namely, "low", "middle" and "high". For their representation we have used trapezoidal and triangular membership functions. Crisp sets, fuzzy sets and the membership functions are shown in table IV and figure 5. The output of the FES is PCR. Numerical value of it will help us to identify the benignant one or the malignant one by considering PSA, age, PV and %FPSA of the patient as input variables for the FES. If the PCR % value is ≥ 50, then we can anticipate that the patient has a high chance of having PC. Therefore, he will be recommended for biopsy test for confirmation. The positive biopsy result confirms our prediction whereas negative result contradicts. The case of PCR % value < 50 can be understood in similar fashion. The output variable, PCR is categorized into three fuzzy sets, namely, "low", "middle" and "high". Trapezoidal and triangular membership functions are used to represent them. The table V and the figure 6 are displaying these fuzzy sets and their membership functions respectively. 
C. Fuzzy Rule Base
In this FES, four input variables are age, PSA, PV and %FPSA which are represented by four, five, four and three membership functions respectively. So, our FES has total 4 × 5 × 4 × 3 = 240 rules to estimate PCR as the output, which is also characterized by three membership functions. Some of the selected rules are displayed below.
1. If (Age is vy) and (PSA is vl) and (PV is small) and (%FPSA is low) then (PCR is low) (1) 8. If (Age is vy) and (PSA is vl) and (PV is big) and (%FPSA is mid) then (PCR is low) (1) 65. If (Age is yo) and (PSA is vl) and (PV is middle) and (%FPSA is mid) then (PCR is low) (1) 97. If (Age is yo) and (PSA is hi) and (PV is small) and (%FPSA is low) then (PCR is high) (1) 130. If (Age is ma) and (PSA is vl) and (PV is verybig) and (%FPSA is low) then (PCR is low) (1) 172. If (Age is ma) and (PSA is vh) and (PV is middle) and (%FPSA is low) then (PCR is high) (1) 196. If (Age is ol) and (PSA is lo) and (PV is middle) and (%FPSA is low) then (PCR is low) (1) 240. If (Age is ol) and (PSA is vh) and (PV is verybig) and (%FPSA is high) then (PCR is mid) (1) For example, rule 1 can be elucidated as, if age of the patient is very young, PSA is very low, PV is small and %FPSA is low then PCR for that patient is low. The wieght of this rule is maximum which is specified by number 1 in the parentheses after the rule. Other rules can be spelled out in similar manner. Surface plot gives a visualization of the rules applied in FES. Since, our FES has four inputs and one output, it is not possible to plot the dependence of the output against all inputs. So, in surface plot we have plotted the output against any two input variables by keeping some reference values for the rest two inputs. Fig 7 displays two such surface plots where relevant parameters are mentioned in the caption. For example, PCR is high (very high) for %FPSA value less than 20% (10%) irrespective of the patient's age. 
D. Defuzzification & Mamdani Inference Engine
Defuzzification is the process of obtaining a precise quantity from a fuzzy set. In this FES, we have employed centroid method to defuzzify which is given byz
For a given set of input variables, viz. age=56, PSA=9.05, PV=39 and %FPSA=8.51, we calculate the corresponding degrees of membership by identifying the proper fuzzy sets for each input variable. This particular choice of inputs will fire, say k number of rules. Truth degree (α i ) of the i th firing rule is determined by taking min of corresponding membership values of each input variable. Thereafter, max of all α i will be the membership value of PCR. This is how Mamdani max-min inference technique is used. Then applying the centroid method, we obtain crisp value of PCR. Steps are shown below for the above mentioned input data. Using α = 0.533, and applying centroid method we get the PCR is 74.01%, which is much greater than our cutoff value of 50%. Therefore, in this case, the patient should be advised to go for a biopsy to confirm. We have used fuzzy logic toolbox of Matlab software for calculation of the entire set of medical data of 119 patients. Block diagram of FES is portrayed in the figure 8.
III. RESULTS AND DISCUSSION
We have applied our proposed FES to analyze the data (given in reference [2] ) presented in table VI. Here, the range of different inputs are chosen depending upon the minimum and the maximum values of the respective input variables. For example, for the input "PV", the maximum value is 235 ml and the minimum value is 15 ml. Therefore, we have chosen the range for "PV" to be 0 − 300 ml. Feeding the four inputs into the FES, we obtain PCR as the output. If the value of PCR is greater or equal to 50%, then the patient should be advised to go for a biopsy test to confirm whether the prostate problem is of benignant or malignant type. We have compared outcomes of our FES with the results of biopsy. Out of total 119 patients, 61 patients had positive biopsy results, while the rest 58 patients had negative results. The true prediction by our FES is 68.91%. The proposed FES has correctly predicted the positive biopsy results for 45 patients (73.77%) and the negative biopsy results for 37 patients (63.79%). True prediction percentage of our FES is better than that of the existing systems for prediction in literature. Saritas et. al [2] has claimed 64.71% true prediction for the same set of data, while online calculator for PC prediction and FPSA/PSA ratio provide only 62.18% and 60.50% respectively. Inclusion of one parameter has definitely increased the number of rules, but the prediction of the designed FES has become more accurate.
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IV. SUMMARY AND CONCLUSIONS
We have developed a fuzzy rule based expert system to predict the chances of having prostate cancer (PC) from a given set of input parameters. For this FES, we used age, PSA, PV and %FPSA as the inputs to calculate prostate cancer risk (PCR) as the output. Existing literature on FES for PC, has mainly dealt with first three of the above mentioned inputs. The cutoff of %FPSA is also a very crucial parameter along the PSA value, as it can reduce avoidable biopsy tests significantly. Most important advantages, apart from the cost of biopsy, the patient who do not need biopsy will be free from uneasiness and worries of the procedure, as well as the possible aftermath medical complications [14] . Therefore, inclusion of this parameter in our FES was essential and it has altered the outcome appreciably. For a case study of 119 patients, our FES has correctly predicted for 82 patients (68.91%). It is to be noted that, true prediction percentage for positive biopsy cases is excellent (73.77%) whereas for the negative biopsy cases, it deviates slightly. The salient feature of our FES is that, the true prediction for positive biopsy is much higher compared to negative biopsy cases. This may cause an unnecessary biopsy test (along the with the pain associated with it) but it will certainly save a life. One should keep in mind that the FES designed here is not to confirm whether a person is having PC or not, but to assist a doctor to take a decision whether to go for biopsy or not. Since, four inputs are considered for this FES, number of rules has increased which makes it little complicated to start with. Once the burden of deciding these rules based on experts' opinion are done, it does the prediction efficaciously. On the other hand, the behaviour of different bio-markers varies drastically from race to race, from demographic region to region, family history, life style, food habits and also depends on many more hidden variables. So, modification in cutoff values has to be done accordingly to use the FES. Hybridizing our FES with other AI techniques and incorporating more experts' opinions may lead to an improved result. 
